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Wellbore instability in hard brittle shale is a critical topic related to the effective exploitation of
shale gas resources. This review ﬁrst introduces the physicalechemical coupling theories applied in
shale wellbore stability research, including total water absorption method, equivalent pore pres-
sure method, elasticity incremental method of total water potential and non-equilibrium ther-
modynamic method. Second, the inﬂuences of water activity, membrane efﬁciency, clay content
and drilling ﬂuid on shale wellbore instability are summarized. Results demonstrate that shale and
drilling ﬂuid interactions can be the critical factors affecting shale wellbore stability. The effects of
thermodynamics and electrochemistry may also be considered in the future, especially the
microscopic reaction of shale and drilling ﬂuid interactions. An example of this reaction is the
chemical reaction between shale components and drilling ﬂuid.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Chee pointed out that ~90% of wellbore collapse problems are
related to shale instability [1]. Speciﬁcally, the water mechanical
effort related to shale is considered the main factor in this
instability [2e4]. Chee [5] andMody [6] stated that analyzing the
problems of shale wellbore stability based on mechanical
mechanisms alone is inadequate; rather, the coupling mecha-
nisms of mechanics and water chemistry in shale are more
important. Unfortunately, the mechanisms of water mechanical
coupled chemical effects on the instability of the shale in bore-
holes have remained unclear thus far [7]. The current paper
summarizes the data on the interaction between shale andnd Gas Reservoir Geology
hengdu, Sichuan 610500,
.
troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bdrilling ﬂuid, the effects of mechanicalechemical coupling on
shale wellbore stability, and the depression mechanism of
several lubricants that are main shale inhibitors. Moreover, the
effects of thermodynamics and electrochemistry may be
emphasized in future studies, especially those on the micro-
scopic reaction of shale and drilling ﬂuid interactions. The
remainder of the paper is organized as follows. Section 2 in-
troduces water mechanical coupled chemical theory for shale
stability. Section 3 highlights the mechanical coupled chemical
factors in shale wall stability. Section 4 details the research that
focuses on the stability of shale formation in wellbore. Section 5
presents the study conclusions.2. Water chemistry theory for shale stability
2.1. Total water absorption method
The total water absorption method for estimating shale
deformation was ﬁrst proposed by Yew [2]. The movement of
water in shale is regarded as thermal diffusion based on the
assumption that the permeability of shale as a whole is iso-
tropous. In addition, this thermal diffusion model is used to
simulate the diffusion of absorbed water. In the model, totaling by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
Fig. 1. Time history of moisture adsorption (Mancos shale in deionized water).
Fig. 3. Vertical strain vs. distilled water adsorption (Mancos shale under atmo-
spheric conditions).
Q. Zhang et al. / Petroleum 1 (2015) 91e9692absorbed water (W) is considered to be a substance that can
diffuse freely, and the concentration gradient ofW is the driving
force of this diffusion. Therefore, the equation for moisture
adsorption in a cylindrical coordinate system is expressed as
follows when integrated with the mass conservation equation:
C
1
r
v
vr

r
vW
vr

¼ vW
vt
; (1)
where r is the radius of absorbed water, m;W is water content, %;
t is time, h; and C is the adsorption constant of the material,
which can be derived through a water adsorption test and from
the water-adsorption curves obtained through the experiment
illustrated in Fig. 1.
The mechanical parameters are related to water content. The
quadratic polynomial relationship between Young's modulus (E)
and water content is expressed in Fig. 2, whereas the quadratic
polynomial relationship between expansion strain (ε) and water
content is depicted in Fig. 3. The fact that Poisson's ratio (v) does
not change with water content variation is veriﬁed by this
experiment.
Deng [4] also argued that Poisson's ratio is related to changes
in water content, whereas Young's modulus is exponentially and
not linearly associated with total water content. The water in
shale actually takes various forms, including surface, inﬁltration,
ionized, free pore, and capillary absorbed water. Only some ofFig. 2. Variation of Young's modulus vs. water content increase.these forms hydrate shale; thus, basing the shale strain caused by
hydration reaction on total water content alone is inappropriate,
according to these researchers.2.2. Equivalent pore pressure method
Hale and Mody [3] evaluated the mechanicalechemical
coupled mechanism in shale formation through equivalent pore
pressure method. Although the capture of primary driving forces
is fundamental to the development of any model, the mathe-
matical treatment of these fundamental forces requires an un-
derstanding of the transport mechanisms by which molecules
enter or exit the shale. Table 1 presents these potential transport
mechanisms [6]. In addition, the total water seepage discharge in
shale should be the sum of these mechanisms under the effect of
hydraulic pressure and chemical potential (Fig. 4). Hale and
Mody also proposed a method for calculating pore pressure from
a microscopic perspective. On the basis of the concept of osmotic
pressure through a semi-permeable diaphragm, the pore pres-
sure generated by the chemical potential effect can be calculated
by taking the seepage under a chemical potential that is equiv-
alent to the seepage under a differential pressure. The equivalent
pore pressure affected by chemical potential is expressed in the
following formula:
RT ln

adf
ash

V ¼ P  P0; (2)
where R is gas constant; T is thermodynamic temperature; V is
the molar volume of water; adf is drill ﬂuid activity; P0 is for-
mation pore pressure; and P is equivalent pore pressure under
different chemical potentials.Table 1
Potential transport mechanisms.
Mechanism Driving force Molecular species
Osmotic transport
(diffusion)
Chemical potential water H2O into or out of shale
Reverse [8,9] osmosis Hydraulic pressure H2 into or out of shale
Hydraulic ﬂow Hydraulic pressure
difference (mud weight-
pore pressure)
Bulk water (cations,
anions, and water
primarily into shale)
Open communication
(diffusion)
Chemical potential of ions
and water
Ions and water into or
out of shale
Combination of hydraulic ﬂow and open communication
Fig. 4. Net ﬂuid ﬂow.
Fig. 5. Schematic of the test apparatus for chemical potential.
Fig. 6. Observed and modeled downstream pressure changes in the chemical po-
tential test.
Fig. 7. Schematic representation of control volume.
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brane, though not an ideal one, may exist on the surface between
shale and water-based mud [5e7]. Thus, the formula of the
equivalent pore pressure affected by chemical potential may be
revised by adding a reﬂection coefﬁcient (In) as follows:
InRT ln

adf
ash

V ¼ P  P0: (3)
2.3. Elasticity incremental method of total water potential
Some researchers [1,10e12] believed that the difference in
total water potential is the fundamental cause of water ﬂow.
Total potential is the sum of pore pressure and chemical potential
in this case. Thus, thewater ﬂowequation in an inﬂatingmedium
can be expressed as:

vF
v

x;y;z
¼ Cc

VðKVFÞ  V

qW
qS
Fs

t
; (4)
where Ф is total water potential; K (¼k/m) is the hydraulic con-
ductivity of the rock according to Darcy's Law; k is intrinsic
permeability; m is ﬂuid viscosity, which is a function of salt
concentration, salt type, and temperature;
Cc ¼ vF=vqW ¼ 1=MV þ n=KW ; Mv (¼ 1=ðKr þ 4=3GrÞ) is the co-
efﬁcient of volume change in the rock; Kr is the bulk modulus of
the rock; Gr is the shear modulus of the rock; n is rock porosity;
KW is the bulk modulus of water; Fs is the 3D ﬂux of the solid
phase; and V is the mathematical operator (v=vx; v=vy; v=vz).
The distribution and movement of rock water and the solutes
in the water in the ﬂow between drilling ﬂuids and shale for-
mations must be considered. The process involves solute ﬂow by
advection (or convection), dispersion, diffusion, adsorption (or
ion exchange), chemical reactions, and injection or removal [13].
The corresponding equation can be written as:
vqC
vt
¼ ½  VðCq qwDs$v$VC  qwD$VCÞ  f þ qwgwSt  P$C
þ RtCR$ð1 aÞ;
(5)
where C is the solute concentration in the rock water; q is water
ﬂux; Ds is the dispersion coefﬁcient; v is solvent velocity; D
(¼f(C)) is the molecular diffusion coefﬁcient; f is the solute ﬂow
that leaves the water by adsorption; St is the rate of solute mass
added by the chemical reactions within the water per unit mass
of water; P is the rate of water removed per unit volume of rock;
Rt is the rate of water added per unit volume of rock; CR is the salt
concentration of the water added to the rock; and a is the
reﬂection coefﬁcient, which describes the osmotic efﬁciency or
solute leakage through the membrane system.Tan [10] developed an apparatus with which to conduct ex-
periments under downhole conditions to determine the reﬂec-
tion coefﬁcient of shale (Fig. 5). The simulation results of the
chemical potential tests are presented in Fig. 6.2.4. Nonequilibrium thermodynamic method
Van Oort [14] stated that the transmitting substances and
energy include freewater, chemical ions, thermal energy, and the
electricity actuated by pressure, chemical, thermal, and electric
potentials. Moreover, this researcher indicated that the most
important driving forces are the difference between drilling ﬂuid
pressure and pore pressure in shale and the difference in
chemical potential between drilling ﬂuid and shale pore ﬂuid.
Lomba [15] established a model for computing instantaneous
pressure in different areas of shale formation, as well as the
Fig. 8. Osmotic effects on pressure proﬁle after 1 h given a pressure difference of
250 psi between the wellbore and the formation.
Fig. 9. Conceptual chemical potential, borehole stability model.
Fig. 10. Angles of the wellbore avalanche: (a) 100 wellbore avalanche (More than
half of the wall is damaged. The wellbore is instable, although density is un-
changed); (b) 60 wellbore avalanche (Less than half of the wall is damaged. The
wellbore is stable, but density increases by 0.5 ppg).
Q. Zhang et al. / Petroleum 1 (2015) 91e9694solute diffusion in the low penetrating shale. The membrane
model is applied to control volume, as shown in Fig. 7, under the
assumption of local equilibrium. This model, which is expressed
by Eqs. (6) and (7), can be used to calculate the ﬂow of solvent
and solute, solute concentration proﬁle, and the water pressures
around the wellbore at different areas and times.
vCs
vt
þ v
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where Cs is solute concentration, mol/L; t is time, s; P is pore
pressure, MPa; n denotes the number of removable ions in solute,
zero dimension; LI, LII, KI, and KII are the coupling coefﬁcients,
m3$s/kg; and c is the ﬂuid compressibility.
The inﬂuence of penetration on the formation pressure pro-
ﬁle is signiﬁcant (Fig. 8). Water ﬂow is controlled by the high
water pressure gradient that is in turn caused by the penetration
potential near the borehole wall. Thus, water ﬂows into the
wellbore at the opposite direction in the area that exhibits a
signiﬁcant difference in ion mass concentration between the
wellbore and the formation despite considerable water pressure
discrepancy. Therefore, the pore pressure of the shale formation
near the wellbore may decrease; this reduction in turn enhances
shale wellbore stability.
Temperature can also affect the stability of shale wellbore
[16,17]. Lowering the temperature of the wellbore can reduce
collapse and bursting pressures because the thermal potential
accelerates the movement of ions and water [18,19].
3. Facilitation of wellbore stability by coupling the
mechanics and chemistry of drilling ﬂuid and shale
interactions
Mody and Hale [6] proposed a conceptual chemical potential,
borehole stability model based on the interaction mechanism of
drilling ﬂuid and shale (Fig. 9). According to this model, this
mechanism can generally be divided into four parts: the wateractivity affecting the stability of shale wellbore, the membrane
efﬁciency affecting water entrance, the clay content inﬂuencing
rock properties, and the drilling ﬂuid inﬂuencing rock strength
[20].3.1. Water activity affecting the stability of shale wellbore
The difference between the water activity of drilling ﬂuid and
that of formation ﬂuid is an important factor in controlling shale
activity. On the one hand, the highly active (or low-salt) water in
the drilling ﬂuid may ﬂow into the shale formation. Meanwhile,
increasing the number of pores in the shale formation and
reducing effective stress inﬂates the shale. This inﬂation of the
formation shale does not enhance wellbore wall stability
[21e23]. On the other hand, highly salty drilling ﬂuid may cause
the water in the shale pores to ﬂow into the wellbore, whichmay
lower the pore pressure in the shale signiﬁcantly and result in
rapid crack formation in the shale. These occurrences may also
reduce wellbore stability.
An effective approach to improving the stability of shale
wellbore is by resisting the wellbore avalanche through
enhancing drilling ﬂuid density. For instance, the angle of the
wellbore avalanche drops from 100 to 60 (Fig. 10) as drilling
ﬂuid density increases by 0.5 ppg. This situation is demonstrated
in Zoback's research [23]. The increase in drilling ﬂuid should
certainly not reach a value that may cause its loss. Thus, drilling
ﬂuid density must ﬁt wellbore stability andmust not cause other
problems [22].
Fig. 11. Plot of membrane efﬁciency vs. porosity.
Fig. 13. Plot of membrane efﬁciency vs. shale activity.
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Membrane efﬁciency (or reﬂection coefﬁcient) describes the
osmotic efﬁciency or solute leakage through the membrane
system and is the rate of the pressure difference between the two
sides of an ideal semi-permeable membrane. Meanwhile, two
different active ﬂuids diffuse along these sides to their theoret-
ical pressure difference. Membrane efﬁciency is high for both
mechanical and physical shale properties. On the one hand,
increasing membrane efﬁciency can reduce the water activity of
the drilling ﬂuid and limit the ion exchange between the drilling
and formation ﬂuids. This increase can also weaken the effect of
drilling ﬂuid invasion on themechanical strength of the shale. On
the other hand, increasing membrane efﬁciency can reduce the
physical parameter values of the shale, such as porosity,
permeability, and shale activity, according to Osuji [24] and as
shown in Figs. 11e13.3.3. Clay content affecting the mechanical properties of shale
The mechanical properties of the shale including Young's
modulus, uniaxial compressive strength, ductility, and plasticity
are closely related to the clay content. On the basis of the results
of a series of triaxial tests conducted by Sone [25], Poisson's ratio
changes slightly with clay content, but Young's modulus and
uniaxial compressive strength decrease universally with an in-
crease in clay content. This increase increases shale ductility as
well. High clay content even induces creep deformation damage
in the shale, as usually observed in rock plasticity. Clay consists of
crystal layers, and creep deformation becomes obvious when
stress is applied to the shale parallel to the crystal chips.Fig. 12. Plot of membrane efﬁciency vs. permeability.3.4. Drilling ﬂuid affecting rock strength
The inﬂuencing mechanisms of drilling ﬂuid differ in terms of
the shear, tensile, and compressive strengths of the rock. Ama-
nulah [26] believed that water content is not the decisive factor
that affects shale cohesion. This researcher attributed the
decrease in cohesion to the reduction of the surface free energy in
the shale. This occurrence mainly inﬂuences drilling ﬂuid inva-
sion. Moreover, shale cohesion reduction may lower the resis-
tance of shear failure, thus resulting in the shear failure of
wellbore. Tensile and compressive strengthsweaken signiﬁcantly
becauseof theeffectof thevolumetric expansionof shale andhigh
pore pressure after drilling penetrates the shale formation.
4. Focus of further research related to the stability of shale
formation in wellbore
Although positive achievements have been reported by pe-
troleum engineers in past decades, shale wellbore instability
remains a severe problem in the exploration and development of
shale gas. Therefore, wemust focus on issues that are not clear in
future research, such as improving the membrane efﬁciency
model, expanding research factors, and combining the ﬁeld ap-
plications of these methods.
The current model for calculating membrane efﬁciency ex-
hibits drawbacks. Thus, we must develop a new model for
calculating membrane efﬁciency while considering other factors
tomatch the real circumstances.Membraneefﬁciency is actuallya
basic parameter for studying shale wellbore stability through
mechanicalechemical coupling method and is measured directly
in laboratory. On the one hand, the ﬂow of the ﬂuid in the shale
core is under the effect of mechanicalechemical coupling be-
tween the ﬂuid and the shale in the test. However, the current
model is obtainedunder the condition inwhich theﬂow is subject
to the effect of chemical potential, which does not satisfy the
actual laboratory test situation. On the other hand, this model
doesnot consider theeffectof positive ionswithdifferent charges.
Several other factors that are related to shale wellbore sta-
bility should be researched intensively given that several com-
plex interactions between the drilling ﬂuid and the shale in the
shale formation around the wellbore, such as thermodynamic
and electrochemical effects, also affect wellbore stability signif-
icantly. Although current works have realized the importance of
these factors, positive results have not been reported in such
studies. In addition, future research should focus on the effects of
the multi-ﬁeld coupling of mechanics, chemistry, electricity, and
thermodynamics on shale wellbore stability.
Q. Zhang et al. / Petroleum 1 (2015) 91e9696Future studies should also pay attention to the ﬁeld applica-
tion of theoretical methods in solving the actual problems in
shale gas development. For instance, few shale gas wells have
been drilled in China, a country for which shale gas development
began only a few years ago. We still do not understand the real
problems in shale formation drilling comprehensively. Moreover,
many works have been performed only in laboratory, and the
corresponding research results cannot easily address real ﬁeld
problems.
5. Conclusions
Understanding the failure mechanism of shale wellbore is a
complex task. Previous works indicated that the interactions
between shale and drilling ﬂuid could be the critical factors that
affect shale wellbore stability. In addition, successful studies
have been performed by petroleum engineers in past decades, as
evidenced by the developed theories regarding the phys-
icalechemical coupling of shale and the presented factors that
inﬂuence shale wellbore stability through the coupling of the
mechanics and chemistry of drilling ﬂuid and shale interactions.
Based on the discussion in this paper, the theories of mechan-
icalechemical coupling between drilling ﬂuid and shale are
useful for studying the complex processes of shale wellbore
failure.
Nonetheless, the mechanism of shale wellbore instability is
highly complex because of the various stratum environments
and the particular characteristics of shale. Therefore, many un-
clear issues related to shale wellbore stability must be studied
intensively. The effects of thermodynamics and electrochemistry
may also be considered in the future, especially the microscopic
reaction of shale and drilling ﬂuid interactions.
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